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Cancer is a complicated disease that involves the efforts of researchers to introduce and investigate novel
successful treatments. Traditional cancer therapy approaches, especially chemotherapy, are prone to
possible systemic side effects, such as the dysfunction of liver or kidney, neurological side effects and
a decrease of bone marrow activity. Hydrogels, along with tissue engineering techniques, provide
tremendous potential for scientists to overcome these issues through the release of drugs at the site of
tumor. Hydrogels demonstrated competency as potent and stimulus-sensitive drug delivery systems for
removal, which is attributed to their unique features, including high water content,
biocompatibility, and biodegradability. In addition, hydrogels have gained more attention as 3D models
for easier and faster screening of cancer and tumors due to their potential in mimicking the extracellular

tumor

matrix. Hydrogels as a reservoir can be loaded by an effective dosage of chemotherapeutic agents, and
then deliver them to targets. In comparison to conventional procedures, hydrogels considerably

decreased the total cost, duration of research, and treatment time. This study provides a general look
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Accepted 22nd February 2021 into the potential role of hydrogels as a powerful tool to augment cancer studies for better analysis of
cancerous cell functions, cell survival, angiogenesis, metastasis, and drug screening. Moreover, the

DOI 10.1039/d1ra00855b upstanding application of drug delivery systems related to the hydrogel in order to sustain the release of
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Introduction

Cancer, as a genetic disease, is introduced as a principle and
critical worldwide public health issue, and is the second leading
cause of death in the United States." It is one of the fatal
diseases, which appears in different organs, including the
breast, bladder, liver, prostate and kidney. Surgery, radiation
therapy, chemotherapy, immunotherapy, targeted therapy,
hormone therapy, stem cell transplant, and precision medicine
are standard cancer treatments, which are generally applied for
patients suffering from cancer.”

The proliferation of abnormal cells and metastasis are the
vital stages of cancer progression, which result in cancer
relapse. The cancer microenvironment stroma includes many
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desired drugs in the tumor cell-site were explored.

distinct cells, such as blood and lymphatic endothelial cells,
epithelial cells, mesenchymal stem cells, pericytes and fibro-
blasts (Fig. 1).** Endothelial cells, macrophages, or cancer-
associated fibroblasts (CAF) as tumor microenvironment
(TME) cells sustain proliferation and migration within the
environment by dynamic interactions with cancer cells.®

The mortality and morbidity of cancer have been rising even
by ignoring the risk factors, such as being overweight, smoking
and aging, without a proper diet and growth of population.®
Researchers all over the world have been trying to find out an
ideal therapy for distinct types of cancers. In some cases, they
have achieved excellent results, but more efforts and studies
must be done.” Different studies have led to discovering various
methods and drugs for cancer therapy. However, clinical trials
are expensive and are often slowed down by high failure rates
due to misguided preclinical models. Therefore, more preclin-
ical investigations are still needed to reach the exact prediction
and drug diagnosis.®

In some cases, cancer is healed just by surgery. In other
cases, healing is done by employing chemotherapy (CT),
radiotherapy (RT) as adjuvant therapies, and also molecular
tools.! For instance, mastectomy and breast-conserving therapy
are well-employed as local therapies for the first stage of inva-
sive breast cancer.>®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Components of the tumor microenvironment.?

The initial CT is known as induction CT before the local
chemotherapy. By combining this method with other treat-
ments, noticeable advantages are achieved, including the
reduction of primary tumors to improve the local regional
control, and also the reduction of the metastatic relapsing risk.®
However, there are some side effects as well, including gastro-
intestinal, musculoskeletal or constitutional symptoms, loss of
appetite, vomiting, constipation or diarrhea, nausea, and the
most common and uncomfortable one is hair fall.*

Still, surgery and chemo and radiotherapies are the most
common methods to fight cancer, but scientists have intro-
duced a new structure named hydrogel. Hydrogels are hydro-
philic gels, and are known as an incomparable class of three
dimensional (3D) and cross-linked polymeric networks. They
can retain a large amount of water, aqueous solvents, and bio-
logical fluids within their structures, which are not dissolved in
water.'* Hydrogels are prepared through covalent and/or non-
covalent interactions, and with the transverse connections of
monomeric or polymeric networks and chains.” Functional
groups attached to the polymeric backbone play a leading role
in absorbing water, and cross-links between the polymeric
chains are responsible for resistance against dissolving in
water. Mainly, there are two types of hydrogels, including
synthetic and natural hydrogels. The natural type can be
employed in biological applications. They can be used as media
to retain cells or as a reservoir of drugs, and it is challenging to
control their mechanical properties. Besides, because of their
high water content, they possess a degree of flexibility, which is
very advantageous due to their similarity to natural tissues."
The synthetic hydrogels mostly show well-defined structures
and reproducibility. Hydrogels also can be classified based on
other different parameters, including the source, configuration
(amorphous, semi-crystalline and crystalline), polymeric
composition (homopolymeric, copolymeric and multipolymer
interpenetration), cross-linking type (chemical, ionic and
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physical), physical appearance, electrical charge of the network
(cationic, anionic and nonionic), and amphoteric electrolyte
(both acidic and basic groups).***®

Hydrogels are considered the main tools in cancer therapy
through various approaches, including Drug Delivery Systems
(DDSs),"”**  Smart Hydrogels (SH),"** Hydrogel-Based
Implants,** Organ-On-a-Chip (OOC),** 3D models (3DM),* 3D
Printing (3DP),"*** and a combination of the above >* (Table 1).
Thanks to the extraordinary characteristics of hydrogels, many
attempts have been made for tumor diagnosis, tumor modeling,
anti-cancer drug screening, and cancer therapy.

The rheological properties of hydrogels are also important
for developing efficient hydrogel systems by controlling their
physical and mechanical properties. The swelling and
mechanical behavior of hydrogels can be characterized by
rheological determinations. These rheological and mechanical
properties are significantly important towards understanding
cellular mechanotransduction and the behavior of delivery
systems. Bio hydrogels are known by their viscoelastic proper-
ties with a modulus of a few kPa, which is much smaller than
the moduli of other solid materials. The rheological determi-
nation of hydrogels may be challenging because of their soft
nature. The results of the studies indicate that the rheological
characteristics of hydrogels can be strongly controlled by
different parameters, including the chemical composition,
polymer concentration, density of cross linkers, degree of
substitution, initiator concentration and irradiation conditions.
In rheology experiments, the frequency of the oscillation
determines the flow condition by calculating the elastic and
viscous behavior. The increase in the oscillatory frequency and
concentration of the polymers steadily increases the elastic and
viscous moduli.***”

In this paper, we review how hydrogels can boost and elevate
conventional cancer therapies. Besides, we outline information
about using hydrogels for tumor removal, and the significant

RSC Adv, 2021, 11, 10646-10669 | 10647


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00855b

View Article Online

Review

RSC Advances

VNIIS WIo1SAS
6102 99 /7-DAAD VNUIS pue s3nip jo A19A1[op-0D A1da1[0p 3niq an-o/(Q)y-0aas/(a)roadu S[[90 ®I9H siowny pIjos
JUSUI)BII) BUIOISE[OI[3 10]
(xLd)  [9301pAy sumdIpowoURU JqEIdR[UL s3nip (ODNT-2TDOWED)
610C S9 [oxeloed ue Juisn UoneUIquUIOd nIq Jo A12AT[opOUEN pidiy surqeowag-jAornet sa1foonsy  BUIOISE[qOI[D
(sour]
JUSWUOIIAUIOIOTUI 1192 (D9IN) ¥ pue (DIIAN) F.L9)
£10T 472 — 31} JO UONMINISUOOY 0314 U] [opOW (OE ua3e[[0d UNRPD S[[92 [BI[oY}0IN pUE SISB[qOIqI] 1appeld
S[[99 [BI[oYI0PUD
Ie[nosesodIw Juny uewny
103IqIyut 120ueD 3unj [0 ([rad] arereyaydaiay ‘s11e0 rereyatde Aemire Areurrad
aseun| -[[ews-uou jo s[apowt d1dojoy3io audjAyrafiod) 193sa40d ‘unerod uewiny ‘s[[9d BWOUIJIBOOUIPE
/102 157 QUISOIA], uBwWNY 0714 Ul 3)8AID OF, dryo-uo-uesdiQ ‘(SINad) auexofIsjAyrawip-A[od DTOSN uewny S/6TH Sun
Joue)SISal o314
910¢ o¥ — 3nip pue sisouad ewory w1 Sunundolq ag uadouriqy/areurdfe/unePn [[2 W3S BWOI[D urerg
sIowm) ureiq ut
Aderayorper pue Aderaowrayo (omra sau[ [[99
8T0C 6€ — Ppazieoo[ 103 s[o301pAYy aqeldalur u1) [9301pAH eurd[e uesoyD (on[-dAD-FSA pue $SA) BWOID ureig
saduodssnoiod (qg) ua3e[[od ‘paseq- uroIqy N[Is
[euOISUSWIP-2211]} jJo uonedrdde Ppare[Asoroe[es ‘auexolISAyIauip (SI190 $-D14) ST199
110C 8¢ — durreaurdus anssn oneday v propgess dg -Ajod ‘ouerisAxoy3a BN, BUIOUIDIED TR[N[[2003eday uewnyg I9ATT
S[[90 190UBD IAI[ (270000T6P0082d pue
£10T L€ — JO uonPIPpoUNIWI SWN-[BIY Sunuud g 1owrwz) 1owAjod 193s940d-0D (aury 1199 DDOH uewny) godoH I9ATT
0.714 U] SUOTIORINUL
NhdoydwA]-[[eo 100uEDd eurde (gz-vD pue
210T 9¢ —  9jeysoxd 3ulApnis 10 XINRW MUY 04714 U] [9POW € —UBSOJID PUB XINEW [93LNEN “T-¥D ‘deDNT) S[[29 BDd UBWINH arelso1d
saul| [[o0 190ued Aessoid
uewny 2y} 3uIpaas 10§ poyIaur
€10T Ge — paseq-20103 Areqides e aqrIosaq [9301pAH (arerhroeyrow [Ayrahxo1pAy-z)Ajod 7-¥D deDN'T Pue ¢TI 21815014
(washs
Juswrdofoadp 103083101 [9SSIA
I90UBD JNOQE UOHEULIOJUT MU [Tem 3unejor) S[[2 BUIOUEB[OW
600C 123 —  JO UOT3[[0D PUB SUONIOBIANUI [[3D [opow anssn g [98men asnowr OTA°9Td "SaUl[ [[2D BUIOUB[OIN
sarsdoiq juaned
3m paredwiod pue sppowt (s1199 £zren pue 0za)
110C €€ — P212oUr3U2-9NSST) JBIDUID 04714 Ul [9POW (€ uade[[on BUWIOUTDIED [[20 snourenbs [e10 unis
so[oniedoueu U0qIRI0IPAY
s@nap ordnynur jo A19A179p WISAS pare[Andd ‘soonredouru
ST0T 43 XOd-X1d pare3a13as pue snosuelNWIS AxaAT[op 3niq uoqIed0I1onfy paje[dnad L-ADIN Isearg
(x0q) SUI9ISAS ATQAT[OP p1oe o103 (sDFANH) ST199
8T0C 1€ uIqNIoXoq 3nip pue s3nip uaaids A[pider o, dryo-uo-uedip ‘109413 aua[Ay3af[od ‘s30p uoqie)  [RI[AYIOPUS UIA [BII[IqUUN UBWINH Isealg
I[NWNS EIUIWUOIIAUD
Jua1agJ1p 03 asuodsar onia
ST0T o€ —  UI S[[90 I90UED JSBII] JO INOIABYDY ur [opowr ¢ ua3e[[0d UnePn S[[99 £-ADIA T[99 [eWonS Isea1g
Ie9X 20U219}9Y 3niq Apnis 1opun 32[qns yoeoidde (19801pAYy) 10WIATO4 iEle) I20UBd
Jo adA7,

Adesayy 4aoued ul suoneondde 19604pAY Jo Alewwins v T 91qel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd LT:62'9 G202/TZ/TT U0 papeo|umod "TZ0Z Yo ZT UO pausiiand 801y sseooy usdo

© 2021 The Author(s). Published by the Royal Society of Chemistry

10648 | RSC Adv, 2021, 11, 10646-10669


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00855b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 March 2021. Downloaded on 11/21/2025 6:29:17 PM.

(cc)

Review
— ()] @)} (=) @)}
[ — — [\ —
L (=} (=] (=} (=]
> N Q Q Q
[}
Q
[=]
L
& — =
L o — N
~ S — —
5 .23
g s gww
=] < <
60 ‘&'g S 835
=] Q ><"U;_4P{',
= OQ Q & 5= °'=
Al a& As8EE |
e % 0
s 8 =g
mbg E.- ]
v o = N =
- 82 2 & 33
T ESw g &2 5 8
QEE@“ 505 E o
[} o oo 2 T ]
Q& ©» < w © 5
o ZEESS  Z:5Z
Tl 2252 LEg%
2l SE8- S48
o E s =~s L S B
— A=A o0 5 I3
S| £5987% £S5 g Y
Sl S5 e =y
=1 E’gzoo HE‘U._‘
8| 25 EOC RREEZ
1] 28 v = L
o ECMHN =) E
| SSE5S SEgc
2|l 0oc” @l S sE =
£
2 2 o o
g s g =
S| 5 S i I
S| ©E T e Tg e
sl FE pE opg
o, o 2 o 2 [ (=)
= Az AE A& o
a)
2B
“n on
=)
g8
2., o
EOT) =}
= 2T ® &
5| 855 =
H [T .= [3) 9
o =] = =] «
% s8xm =2 0
5 -2 E (5] -
= o5& 5 - g
=] B 7] = o
L — a = =
| 558 2 2 s
o] Gy (2]
S E.:O:G I zZ B
=~ @ © %) ~ Jus)
(72}
=
(5]
Q
@
@)
A~
o
=
[
= « 2
8 T ©
15 © " ©
< [ &) Ly
> ‘
3| 2 2 £ ¢
(]
_ o| A T E =
il
=
-
(o)
O
- 2
Q
<1 55| & = 2 2
Q 0 O % T o o
3 S5l 2 o 8 g =
~ &S A~ T = ) 2]

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

role of hydrogels in the TME 3D models and metastasis. At the
end, we state some questions with vague answers, which require
more studies and experiments.

Hydrogels

Hydrogels (Hydrophilic gels that are usually referred to as
Hydrogels) are known as an incomparable class of three
dimensional (3D) and cross-linked polymeric networks that can
retain a large amount of water, aqueous solvents, and biological
fluids within their structures, while not dissolving in water. A
hydrogel with the transverse connection of monomer or poly-
mer networks or chains is produced through covalent and/or
noncovalent interactions.” The functional groups attached to
the polymeric backbone play a leading role in absorbing water,
and the cross-links between the polymeric chains are respon-
sible for resistance against dissolving in water. There are two
kinds of hydrogels: synthetic and natural. The natural type can
be employed for biological purposes, like media to retain cells
or as a reservoir of drugs, while showing weak challenges in
controlling their mechanical properties. Moreover, they possess
a degree of flexibility that is very similar to natural tissue due to
their high water content. The synthetic hydrogels mostly show
well-defined structures and reproducibility with high mechan-
ical properties.”® Hydrogels are generally classified based on the
source, configuration (amorphous; non-crystalline; semi-
crystalline: a mixture of amorphous and crystalline phases;
crystalline), polymeric composition (homopolymeric; copoly-
meric; multipolymer interpenetrating polymeric), cross-linking
type, physical appearance electrical charge of network (cationic
or anionic); nonionic; amphoteric electrolyte (both acidic and
basic groups); and zwitterionic (polybetaines; both anionic
groups and cationic groups in each structural repeating unit). In
general, to fabricate a hydrogel with the appropriate mechan-
ical, physical, chemical and biological features, a combination
of both synthetic and natural polymers is necessary. In this
case, scientists try to optimize the final combination.*

Programmable hydrogels

These unique hydrogels are intelligent substances with notable
applications, which can be changed according to how polymer
structures are responsive to the environmental provocation,*
and both internal and external factors.'** Recent progress in
both natural and synthetic polymeric substances have led to the
development of different sensitive hydrogels to three categories
of simulations, including: biological (DNA and aptamer, protein
and peptide, enzymes and small metabolite), chemical (redox,
ions and pH'*) and physical (temperature,* light,*” and elec-
tric field***°) stimulations. The polysaccharides, like carboxy-
methylcellulose, starch, alginate, chitosan, and carrageenan,
are suitable and mostly employed as candidates to develop
hydrogels as biomaterials. This is due to their exciting proper-
ties, including non-toxicity, biocompatibility, biodegradability,
and low-cost.”>** Many research studies were done to employ
hydrogels as smart or programmable materials to remove
tumors by appropriate strategies.*> Some hydrogels proved their
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capability of providing a sustained release of the chemothera-
peutic drugs, and effective treatment for cancer therapy.>
Furthermore, low molecular-weight hydrogels have already
shown promise to be an accurate candidate for the sustained
release of chemotherapeutic drugs.*® Hydrogels are also used as
cell reservoirs to encapsulate therapeutic cells due to their
features of controllable structures, high porosity, and physico-
chemical characteristics.* The main drawback of the standard
treatments is their side effects. In contrast, via controllable
hydrogels, anti-tumor agents not only can be developed, but
also can attack cancerous cells without killing the healthy cells.
It was approved that toxic anti-cancer drug-associated polymers
significantly decreased side effects.>

Scientists have studied the brain tumor Glioblastoma (GBM)
as a cancer model for cell therapy by designing an injectable
hydrogel to localize CT and RT.** A programmable chitosan
hydrogel loaded with Temozolomide (TMZ) capable of releasing
chemotherapy drugs, while retaining radioactive isotopes

View Article Online

Review

chemotherapy within the surgical cavity. Developing an inject-
able hydrogel as a smart system, which can fill the 3D volume of
the surgical cavity, delivers a homogeneous radiotherapeutic
dose to all areas of the hole (including additional targeted
margin) without considering the form and shape of the cavity,
and the local delivering of chemotherapeutic agents.***®

The migration and relocation of cancer cells through the
blood-brain barrier (BBB) is a crucial process of brain metas-
tasis. The BBB plays a crucial role in maintaining and keeping
drug delivery to the brain, and also brain homeostasis.*” An in
vitro reliable and robust model, which can be translated to the
in vivo situation and reflects the healthy and diseased state of
BBB, is necessary. According to the research of Sanati-Nezhad
and his colleagues,*® biomimetic models are fundamental to
expand the diseased models of the BBB, anticipating the
permeability of the molecules across the BBB (in both healthy
and unhealthy states), determining and controlling the effi-
ciency of drug delivery across the BBB into the brain tissue,

agents, was employed for -centralizing radiation and measuring the removal mechanisms of the wrong binding
o 12months
baseline post-application after spacer
application
Spacer
Applicator
18 G Needle
_—
/’/Ny’drrogel =
Stepper
Stabilizer
Localized hydrogels ~ Localized hydrogels
Control TMZ 10MG RX 4Gy
fa
Fig. 2 (a—f) Computed tomography scans (CTS) before (a, c, €) and after (b, d, f) hydrogel spacer injection between the HOP and duodenum.®”

(g—i) MRl image of a spacer patient at baseline (g), post-application (h), and 12 months after spacer application (i).®* (j) The way of spacer injection
(PEG hydrogel spacer injection) between the prostate and rectal wall.*>® (k) Bioluminescent imaging (BLI) images of three mice implanted with
radiotherapy hydrogels (right), chemotherapy (middle), control (left) at day 27 post-implantation.®®
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proteins from the brain, and assessing the contribution of the
BBB in the progress and improvement of neurodegenerative
diseases or brain-tumor upon the unison with biomimetic brain
tissues.”®

Interestingly hydrogels can quickly be injected by syringe
(Fig. 2j).* A significant and noticeable decrease in the rectal
dose is attainable by using the spacer.®>®" If a spacer is injected
between the anterior rectal wall and prostate, then the rectal
wall is protected. Thus, in this case, the hydrogel spacer is
a successful candidate for making a gap between the rectum
and prostate in prostate cancer treatment.®>** Those patients
who used the spacer received more doses of drugs by the
prostate (Fig. 2g-i).** To improve the efficiency of the spacers,
long time clinical results are necessary. So, in 2010-2011,
scientists employed a biodegradable hydrogel-based spacer (as
a smart hydrogel) for 114 patients who received RT to the
prostate, and they were under study for 5 years. The results
revealed significant and excellent treatment tolerability, espe-
cially considering bowel problems.® Similarly, similar spacers
can be employed for other types of cancers. Using the Novel
Absorbable Radiopaque Hydrogel Spacer for pancreas cancer
was approved by increasing the space between the duodenum
and the head of the pancreas (HOP) in 3 human cadaveric
models (Fig. 2a-f).*

An injectable chemo-radio-hydrogel implant can modify the
local control, effectiveness, and final result of the poor diag-
nosis of tumors. Fig. 2k shows the bioluminescent images (BLI)
of three mice implanted with the smart chitosan-based hydro-
gel (right), chemotherapy (middle), and control (left) on day 27
post-implantation. Following localized treatment, a decline in
the tumor size in the arms can be seen in contrast with that of
the control group.*

Researchers prepared shear-thinning injectable magnetic
hydrogels (PEGylated Fe;O, nano-particles and a-Cyclodextrins:
a-CD), and proved their therapeutic and remedial potential to
remove the postoperative relapsing of the (breast) tumor with
mild, gentle synthesis, and least invasive injection in vivo.*®
They believed that the hydrogel and its features could be
manipulated. The concentration of the doxorubicin (DOX) drug
affected the hydrogel properties significantly. The higher level
of the drug caused a lower viscosity of hydrogel, and resulted in
affecting the drug release (DR).® The Magnetic Supramolecular
Hydrogel (MSH) revealed the magnetocaloric liquid-conformal
ability to completely match and fill the irregular cavity after
tumor removal without a blind angle when it goes under an
intermittent current magnetic field. MSH synergistically
demolishes the tumor and hinders the local relapse entirely of
breast cancer following surgery.®® The dual and ambivalent
structure of the MSH caused a distinct release of different drugs
from a unitary sample. In addition, the long-term local delivery
of MSH synergistically omits the tumor, and stops the local
recurrence of breast cancer after surgical resection. Moreover,
MSH with the controlled administration of combined thermo-
chemotherapy demonstrated noticeable superiority, consid-
ering the hampering of postoperative cancer recurrence.®®

Bio-responsive hydrogels, as another form of programmable
hydrogels, can be loaded by agents or receptors, and be changed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in the case of any external stimuli. Here, there is a particular
interest to develop autonomous hydrogel-based systems to
detect cancer markers, and respond to them to repair the
cancerous area or tumor removal.”” As we know, modified
hydrogels can contain small biomolecules that selectively attach
or bind to bio-macromolecules, such as antibodies or protein
receptors. Also, enzymes are strongly selective. Therefore,
hydrogels can be programmed to respond to a particular
enzyme by integrating the specific substrate.”

Based on our studies, some of the tumors may resist a single
drug. This is due to the heterogenetic nature of the tumor and
malignant cells, and it is necessary to employ more therapeutic
agents concurrently. To deliver multiple drugs with various
molecular targets in the cancerous area, programmable hydro-
gels are proper candidates to prevent drug resistance and
overcome tumor metastasis.”> A synergistic therapy that
combines drug/siRNA to remove the tumor was revealed to have
tremendous popularity for enhancing the antitumor efficiency
and overcoming the side effects. In one study, DOX and siBcl-2
were selected as a co-delivery system for synergistic cancer
therapy by employing a supramolecular hydrogel based on
nanoparticles.” Therapeutic agent delivery is carried out in
a continuous or discontinuous manner. As programmable
systems, hydrogel-based DDS results in more effective drug
delivery compared to the conventional systemic therapies. This
is because the hydrogel-based DDS provides a sustained and
high-dose release of the chemotherapeutics at the tumor site.
Norouzi et al. reviewed this aspect by focusing on the injectable
hydrogel-based DDS for local cancer therapy.” A steady and
uniform dose delivery of the chemotherapeutic agents leads to
lower cancerous cell elimination, in contrast to a short-term,
but high-dose delivery. Hydrogels can be engineered in a way
to provide a high-dose drug release in a short period, or lead to
a stable distribution of therapeutic agent, but for a long time.

Anti-tumor drugs can be injected or transported directly to
the cancer microenvironment, but it entails engineering a smart
hydrogel to act as an anti-tumor agent without inflammation.”
According to the previous studies, inflammation is known as
a critical and vital component of tumor progression.” Anti-
inflammatory drugs conjugated with one or more anti-tumor
agents can be loaded into a hydrogel to prevent cancer cell
proliferation.””

Hydrogels for cancer drug delivery systems

The restricted impact of common drugs has provoked scientists
to develop more new ways of drug delivery. DDS is known as
a system to provide the controlled delivery of therapeutic
agents, proteins and vitamins to a certain spot of the body, and
boost the quality of delivery by controlling the exact time and
location. DDSs are categorized as the parenteral pulmonary,
transdermal, oral, cardiovascular, or nasal systems. No drug can
perform and be active with one hundred percent efficiency. By
inserting the drugs into the body, just a limited dose of it is
impressive. This is due to the precipitation in nontarget tissues
and excretion from the body. This is why the drugs have off-
target side effects. As for the disadvantages of common
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Table 2 Employed sensitive hydrogels for cancer drug delivery systems®

Hydrogel Drug Sensitivity Cancer Reference
PPZ Silibinin Thermosensitive Colon 107
PEG-FA, PPLL ME, 5-FU pH-sensitive Colon 108
PLGA-PEG-PLGA/CND DOX Thermosensitive Prostate 109

Dgel AuNP DOX Photosensitive Melanoma 110
PEG-DMA T™MZ Photosensitive Glioblastoma 111
Poloxamer P407, Poloxamer P188 PTX Thermosensitive Pancreatic 112

Akt1 shRNA, PTX CLA-coupled poloxamer/PEI-alt-PEG Thermosensitive Breast 113

PEG NPs DOX, curcumin pH-sensitive Hepatocellular carcinoma 87
PEG-PCL-PEG/MPEG-PCL DDP, PTX Thermosensitive Lung 114

P407, P188, graphene oxide/CS DTX pH/temperature Sarcoma 115

“ poly(organophosphazene): PPZ; aldehyde-functionalized four-arm PEG: PEG-FA; 4-arm PEG-b-poly(lysine): PPLL; metformin: ME; 5-fluorouracil:
5-FU; poly(lactide-co-glycolide): PLGA; polyethylene glycol: PEG; clay nano-disk: CND; paclitaxel: PTX; conjugated linolenic acid: CLA; poloxamer
407: P407; poloxamer 188: P188; polyethylenimine - PEG diacrylate: PEI-alt-PEG; PEG nanoparticles: PEG NPs; PEG-poly(3-caprolactone)-PEG:
PEG-PCL-PEG; monomethoxy PEG-poly(3-caprolactone): MPEG-PCL; DNA hydrogel: Dgel; gold nanoparticles: AuNP; temozolomide: TMZ; PEG

dimethacrylate: PEG-DMA; chitosan: CS.

medication intake, it can be referred to as low efficiency, high
side effect, and high dosage of drug per short time, weak
metabolism, pain, less targeting, and high cost. However,
according to our recent survey, the hydrogel-based DDS can be
more efficient than standard therapies in clinics.

By taking cancer therapy into account, delivery systems can
be under control. It can also be targeted because the therapeutic
agent delivery to cancerous tissues is a significant issue, owing
to the dynamic complexity of TME. Therefore, the desire to
reach systemic pharmaceutical therapy (DDS) has increased.
The novel DDS includes the improvement of the amount of
pharmaceutical agent loading in drug -carriers, cellular
receiving of drug carriers, and the sustained release of drugs.
Many research studies are focusing on different types of cancer.
The mentioned studies in the previous section can be consid-
ered as one aspect of DDSs. In the following section, more
information is provided about CDDS (Table 2). In the rest of this
review, based on what we inferred from the literature studies,
a review of the hydrogel-based DDS for cancer therapy is pre-
sented based on its sensitivity and targeting.

Targeting. DDSs have been introduced as a potent system to
augment the pharmacological and therapeutic characteristics
of drugs.” This system not only decreases the side effects of
drugs, but also supplies a sustained release of drugs at the
tumor site. An impressive targeted DDS comprises retain, evade,
target, and release.” Drug targeting strategies are divided into
categories of active and passive. Nanoparticles or microspheres
have been being widely under study for cancer therapy, but due
to their shortcomings, there has been a surge in interest for in
situ hydrogels.*

Combining one or more biologics (e.g., other monoclonal
antibodies (mAbs), nucleic acids or proteins) with an antibody
leads to tremendous clinical advantages. Antibody-drug conju-
gates (ADCs) are a promising type of potent biopharmaceutical
agents engineered as a targeted remedy for cancer treatment.®
Targeted cancer therapy with mAbs holds high promise in
killing cancer cells without the systemic toxicity from the
chemotherapeutic agents. ADCs incorporate the cancerous cell-
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killing power of a cytotoxic therapeutic agent with the targeting
ability of an antibody. In consideration of this, ADCs-loaded
hydrogels are potent candidates for tumor removal. A hydro-
gel for the sustained and stable release of pharmaceutically
relevant mAbs was introduced as a robust vehicle. Silk hydrogel
as a delivery matrix for the slow and gradual release of the
loaded drugs/proteins are proper and appropriate for the long-
term sustained release of chemotherapeutic agents.** Similar to
ADCs, antibody-nanoparticle conjugates (ANCs) can be engi-
neered to receive various pharmacological properties and be
employed for cancer treatment. In the context of CDDs, a few
studies have reported the combination of hydrogels and ANCs
aimed toward cancer therapy by decoration the hydrogel with
ligands to connect to a target molecule. We believe that this
combination will provide the means to reach highly targeted
drug delivery.*

Angiogenesis and tumor resistance against therapeutic
agents (e.g,, DOX) are significant viewpoints of cancerous
diseases. It has been shown that the chitosan hydrogel may be
a potential candidate as a new local carrier for drugs (e.g,
fibroblast growth factor and paclitaxel) to target vascularization
and control angiogenesis.** A DOX-loaded hydrogel made of
chitosan and polyvinyl alcohol was studied to investigate its
anti-cancer potential by monitoring the angiogenesis. The
results demonstrated by the hydrogel with 1 mg ml™* of DOX
depicted a significant reduction in angiogenesis.*

To overcome the tumor resistance against therapeutic
agents, hydrogels are engineered for multi-drug delivery. In one
study, a self-assembling peptide hydrogel loaded with DOX and
curcumin was employed for neck and head cancer.*® This
engineered hydrogel not only provided local dual drug delivery,
but also overcame tumor resistance against the released drug.
Sometimes, more than one target must be considered in engi-
neering a DDS. A dual-targeting hydrogel conjugated with an
estrone (ES) and RGD (Arg-Gly-Asp) peptide was reported. ES
and the peptide were responsible for an accumulation of the Et-
peptide-Taxol hydrogel in the breast tumor, and sustained
release of the drug inside the cells.*”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The cancer-associated fibroblast (CAF) as a kind of stromal
cells can enhance the growth and invasion of cancer cells, and
also promote metastasis and tumor growth.*® Hence, targeting
CAF can be a right choice for cancer immunotherapy.®® To stop
the activity of CAFs, a prolonged, sustained, and targeted drug
exposure is necessary. In a study by Yaping Li,*® an injectable
peptide hydrogel was designed to regulate CAFs and improve
chemotherapy. Other vehicles (e.g., nanoplatforms, such as
lipid-coated calcium phosphate) have been utilized for CAFs
targeting. For instance, by loading lipid-coated calcium phos-
phate with hydrophobic drugs like quercetin or genes,
promoting the targeted accumulation and normalizing immu-
nosuppressive TME can be enhanced. Leaf Huang et al.** re-
ported an excellent review on DDSs targeting CAFs. Cellulose-
based gels are suitable for biomedical application. This is due
to it being a renewable and biodegradable polymer that is
a highly hydrated porous soft material with supreme mechan-
ical properties. For instance, the encapsulation of drugs within
nano-cellulose hydrogels results in the targeted release.

Genes containing small interfering RNA (siRNA), DNA, and
micro RNA (miRNA) are known as an intermediary for CAFs
modulation. Researchers are motivated to design a suitable
delivery vehicle for having a sustained gene release in the target
site. Regarding this, an injectable hydrogel, as an anti-cancer
agent, was engineered to provide a sustained gene release (for
16 days) and overcame multidrug resistance.*

Collagen, chitosan, silk fibroin, albumin, hyaluronic acid
(HA), and gelatin are widely employed for DDS. These bioma-
terials can be used in different forms, including hydrogels.
Scientists have worked on tumor-targeted drug delivery systems
employing HA.”> Not only HA, but also its derivatives have
numerous applications in medicine due to their excellent
physicochemical and biological characteristics. Moreover, it has
the ability to bind to the specific receptors®® and result in tar-
geted drug delivery.®* HA is a substantial carrier for antitumor-
drug delivery, and also increases the residence of the drug in the
targeted site. Remarkable results have been achieved, but there
are still uncovered issues in the studies. For example, various
types of synthetic methods for HA-drug conjugates affected the
clinical uses.”> An injectable DDS for sustained cancer treat-
ment was designed by Xin Chen® via the fabrication of
a hydrogel (azobenzene and a-cyclodextrin-functionalized hya-
luronic acid) and AuNBs (gold nano-bipyramids)-conjugated
MSNs (mesoporous silica nanoparticles). This design was
capable of introducing a microenvironment with a precious
loading of anticancer drugs in and around the tumor tissue for
periods, and suppresses the resumption of the disease. As
mentioned previously, chemotherapeutic drug delivery can
boost the treatment of the primary tumors before or after
surgery. Recently, scientists synthesized a DOX-loaded Hydrogel
by combining nanostructured lipid carriers and bacterial
cellulose hydrogel, which depicted a considerable decrease of
the tumor size, local drug toxicities, and also metastasis
occurrence.”

In another research study, CMC-DOX polymer-drug hydro-
gels were synthesized to study the malignant melanoma form of
skin cancer. Therefore, a platform was invented based on
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colloidal polysaccharide-drug nano complexes, generating
anticancer hydrogels, which illustrated the new horizons for
skin cancer therapy that utilizes transdermal drug delivery CT.*’

Self-healable hydrogels are another promising type of
hydrogels for cancer therapy. In the case of advanced staged
tumors that cannot be removed by surgery, embolization is an
option to gradually remove cancer cells due to the cells not
receiving blood.*® Different biomaterials, including hydrogels,
are recruited for embolic and chemo-embolic applications.* To
block blood flow towards the tumor site, a three-component
self-healable hydrogel is designed to assist in the rapidly tar-
geted embolization.*®®

Sensitivity. Many factors affect the rate of DR. There are
various types of hydrogel-based DDS, including pH-sensitive,
photosensitive and thermosensitive hydrogel (Table 2). Also,
DDS can be sensitive to the salt concentration, electric poten-
tial, ionic strength, ultrasonic, light, electric-magnetic field,
electric current and biomolecules for local cancer therapy.'*****
Among various stimuli, pH and temperature are the primary
choices, as they are simple for understanding® any disparities
in the body's temperature or pH, which may result in distinct
immune responses.'**

Acid-base balance (pH), which is done by several mecha-
nisms (e.g., kidney and respiratory functions), is necessary for
cell survival. Because of the intensive lactic acid production and
respiratory carbon dioxide, cancer cells are subjected to large
acid-base fluxes. Cancer cells can grow in an acidic environ-
ment, but they are unable to survive in alkaline conditions (high
pH).'*” Besides, the pH in the extracellular matrix (ECM) of solid
tumors is mostly lower than that in healthy tissues because the
glycolysis reaction in cancer cells has a higher rate.'*

Providing a less cancer-friendly environment (low pH) will
help scientists in fighting against cancer. So, pH-sensitive
hydrogels can be designed based on those polymers, in which
their ionizable chemical groups donate or accept protons.*****¢
For instance, a multifunctional pH-responsive polysaccharide-
based hydrogel can be invented as a new carrier of the drug
(DOX). This new hydrogel is biocompatible and biodegradable,
and also can be introduced as CDDS.""”**# In 2018, estrone (ES)-
modified pH-sensitive glycol chitosan nanoparticles (GCNP-ES)
were studied by Chunhua Yin et al.,"* focusing on drug delivery
in breast cancer. Notably, GCNP-ES revealed the pH-responsive
separability characteristics, while remaining stable under long-
term storage and lyophilization. In another study, an injectable
and pH-sensitive hydrogel (DF-PEG-PAHy/BPNSs) was engi-
neered for combined chemo-photothermal cancer treatment.
The DR of PTX-loaded GCNP-ES (PTX/GNCP-ES) was lengthened
with noticeable pH sensitivity.""® PTX/GCNP-ES revealed greater
agglomeration at the tumor site, which caused more tumor
inhibition than PTX/GCNP and PTX solution. The similar
results have been reported based on the in vitro cytotoxicity
experiments. The DOX-loaded micelles revealed a greater
prevention of the migration and proliferation of HeLa cells than
free DOX by decreasing the pH from 7.4 to 5.0.">°*** In a study
done by Wu et al.,** the release profiles at pH 7.38, 6.67, 6.17
and 5.03 exhibited a rapid release at higher pH. For the lower
pH values in another study'>® using poly(NIPAM-co-acrylic acid)
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nano-gels, a quick release of the drug (DOX) was observed at
lower pH. We believe that this opposite reaction is one of the
main challenges to reach a unique strategy.

Cancer (tumor) cells have higher temperatures because they
are continuously replicating and proliferating, and this process
releases more energy."”” Therefore, the temperature of the
tumor environment can be considered as a factor to detect
changes of the tumor area. Hence, evidence showed that
researchers designed thermo-sensitive hydrogels as a thera-
peutic carrier to reach a controlled release in clinical research,
including tumor removal.”® For example, a DOX-loaded
thermo-responsive self-healable hydrogel has been engineered
by Wenjuan Li."”® It was demonstrated that the DOX was
released faster at 40 °C (nearly 50 percent of the medicine
within two h) compared to that at 30 °C (almost 25 percent of
the medicine within two h). Since the temperature of the tumor
is higher than that for healthy tissues, there is a remedy to
prevent or remove the tumor by implanting a kind of hydrogel
like that one. Effective therapeutic methods of melanomas are
still limited. So, for finding a superior anti-tumor efficacy,
a thermosensitive hydrogel based on poly(y-ethyl-L-glutamate)-
poly(ethylene  glycol)-poly(y-ethyl-i-glutamate)  (PELG-PEG-
PELG) has been developed to study the chemo-
immunotherapy system of IL-2, DOX, and IFN-y for the treat-
ment of melanoma by testing the invented hydrogel on B16F10
cells in vitro. Results revealed a noticeable performance against
the B16F10 melanoma xenograft with lower systemic toxicity.'*”

Also, dual pH and thermo-responsive DDS has been inter-
esting as the next-generation therapeutic medicines."***
Scientists could successfully synthesize dual sensitive and
responsive hydrogels encapsulated with proteins™® and 5-ami-
nosalicylic acid*** using different types of polymers through in
vitro studies. In another research study, a thermosensitive
hydrogel (hyaluronic acid-chitosan-g-poly (N-isopropyl acryl-
amide)) for the intra-tumoral delivery of DOX to the breast
tumor has been engineered successfully.’** The chitosan/
hyaluronic acid/B-sodium glycerol phosphate-based hydrogel
loaded with DOX was another dual sensitive structure, which is
adhesive to the cancer cell (Hela). It was also injectable, and
turns into hydrogels when the temperature is raised to that of
the body."*

Furthermore, by controlling the conditions in hydrogel
processing, DR can be controlled as well."** The rate of DR can
be regulated by the polymer degradation rate, redox conditions,
the physical state of the nucleus, the position of the drugs in
micelles, the length of the micellar nucleus fragments, the size
of the drug molecule, and the drug-loading rate.*® Apart from
the process, the selection of the material is also significant. It
depends on many factors, such as the size of the hydrogel,
inherent properties of the drug, surface characteristics,
including electrical charge, permeability, biodegradability, and
importantly, the route of the drug delivery.**

It has been shown that the binding of the drugs to the
polymer core (hydrophobic and hydrolytic cores) and the vari-
ation of the methyl dioxanone units are known as other factors
that control DR, which led to the sustained release profile over 5
days.™® Also, altering the concentrations of aqueous polymers,
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like poly(ethylene glycol)-poly(amino carbonate urethane) in
hydrogels, could cause sustained or controlled DR.**’

According to the particle size, hydrogels can be divided into
microgels and nano-gels.”*® Encapsulated microgels containing
drugs and therapeutic agents, such as anti-cancer compounds
and proteins, could be successfully prepared. Microgels have
similar polymeric chemical properties and different physical
properties, including viscosity, surface area, and thermal
response with hydrogels.****° Nanogels, known as the swollen
amphiphilic/hydrophilic aqueous dispersions of hydrogels, are
a promising carrier system for DR. Nanogels made of poly(-
methyl acrylic acid) and chitosan revealed pH-responsive
properties with controlled DR." Moreover, via chemical
modification, they could be employed to combine different
ligands for targeted drug delivery. Hyperthermia therapy,
a process that leads to high temperature in the tumor site (40-
45 °C), is almost used with other current cancer treatments,
including radiotherapy and chemotherapy. Hyperthermia may
make cancerous cells more sensitive to radiation, but it can
cause damage to the other surrounding tissues. Hydrogels
proved to have excellent potential to control the local heating.
Hydrogels can be engineered as a multi-therapeutic system.
They can be pH or thermo-sensitive while loaded with various
therapeutic agents and provide local heating.*** For instance,
a thermosensitive nanocapsule hydrogel loaded with iron oxide
nanoparticles was employed to evaluate magnetic hyperthermia
therapy as a cancer treatment. The results of this research
revealed a remarkable in vivo anti-cancer effect after 4 cycles of
magnetic hyperthermia therapy. It was also reported that the
surrounding healthy tissues remained undamaged. Overall,
hydrogel-based delivery systems showed their clinical use
potential for cancer therapy by having control over the delivery
and release of different therapeutic agents, including macro-
molecular and small-molecule drugs.

Hydrogels for cancer 3D models

To supersede employing conventional treatments, including
radiation, chemotherapy, and surgery, scientists have made
many attempts to study and discover antitumor drugs. Clinical
trials not only are too costly, but also often result in numerous
failures. These mainly are because of the lack of suitable
preclinical models to study. Cancer cells in a solid tumor are
kept strictly with ECM as a non-cellular physical and functional
support for cell survival, tissue integrity, and expansion. ECM
hydrogels are derived from many tissue sources and employed
to study numerous disease models. ECM comprises mostly
elastin, collagen, laminin, fibronectin, and proteoglycan.*
TME is a heterogeneous system that involves the ECM, cell-
cell interactions, and environmental stimulations, and is one of
the significant factors to determine the tumor fate. 2D Cell
culturing, as an in vitro model, relies on adherence to a flat
surface to supply mechanical support for the cells. This model
is employed to study cellular responses to stimulations from
biochemical and biophysical cues. In 2D monolayers, cells can
access a similar amount of growth factors and nutrients of the
medium, which leads to homogenous growth and
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proliferation.**® Although 2D cell cultures are employed widely
in drug discovery and development research, the generated data
from them often do not predict what might occur in vivo,**” and
does not simulate the real microenvironment of cells. Thus,
making an artificial environment that mimics the behavior of
the actual tissues can be useful.*** The use of 3D scaffolds as
cancer models not only will affect the drug screening,*** but also
stops or lower the number of animal testing carried out in
preclinical studies.*****” The application of the 3D cell culture
systems gives more feasibility to control the shape, porosity,
chemical composition, structure and stiffness of the 3D matrix.
This influences the proliferation, migratory capabilities, and
mimicks the cell-cell interactions and normal cell-matrix. For
instance, recent progress in biomedical and tissue engineering
improves 3D models by considering the tumor microenviron-
ment, which is vital for metastatic progression and
vascularization.'™!

These 3D scaffolds can be formed by materials that resemble
the ECM components. There are various materials, including the
natural sources like collagen and hyaluronic acid (HA), and the
synthesized materials such as poly(lactic acid) (PLA), poly(-
ethylene glycol) (PEG), and others. The evidence shows that two
common 3D cell culture systems are becoming more popular
among scientists: tumor spheroids (TS) and scaffold-based
models.**® In this section, we provide a short review of these
models, which are mostly employed for clinical research.

No Drug Resistance
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Fig. 3 (A) Effect of the presence of SWNTSs in the peptide hydrogel on
cell behavior.**2 (B) Tumor resistance against drugs. (C) Hypoxic cancer
cell: (a) lack of oxygen in tumor site, (b) hydrogels as cell culture media
can provide enough oxygen to the tumor site.
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CAFs are complicated cell types within the TME, and have been
demonstrated to be a vital component in helping cancer prog-
ress.”® On the other hand, TRACER (The tissue roll for analysis of
cellular environment and response) is a novel approach that helps to
analyze cellular behavior, and phenotype in hypoxic gradients and
distinct cell populations from particular microenvironments.** In
aresearch study focused on patients suffering from neck and head
cancer, Alison P. McGuigan et al.**" integrated derived CAFs into
the TRACER platform to establish a greatly hydrogel-based
tunable 3D co-culture tumor model that mimics the CAF-TME
interactions in head and neck tumors, and allows for the
patterning of different cellular compartments and cell separation
from each region for phenotypic assessment. According to the
reported data, the introduced 3D co-culture system is a highly
versatile model that can be employed to provide a more excep-
tional understanding of the cancer-stroma interactions, and their
influence on the cancer cell reaction to the therapy.

In another study, the usage of hybrid self-assembling peptide
(EFKS8)-carbon nanotube (SWNT) hydrogels for TE and in vitro 3D
cancer spheroid formation was reported.”” Comparing the
engineered hybrid hydrogels with EFK8-only hydrogels revealed
an increase in the attachment, spreading, proliferation, and
movement of NIH-3T3 cells (Fig. 3A). Cells could proliferate
rapidly on the hydrogel containing SWNT. It was confirmed that
not only in 2D but also in 3D cultures, cells could spread
uniformly and have more movement on the hybrid hydrogel than
on an EFKS8 hydrogel. Moreover, it revealed that increasing the
peptide concentration resulted in raising the compressive
modulus of the resulting hydrogels. Finally, it was demonstrated
that incorporating SWNTs into the peptide hydrogels will give
more applications to these hydrogels in TE, and can expand our
insights into the cell-biomaterial interactions.

Restricted penetration of therapeutic agents in solid tumors is
a potential cause of drug resistance (Fig. 3B). According to the
previous studies, cellular packing density and cancer cell adhe-
sion alter drug penetration.”*® Apoptosis, cytotoxicity, and infil-
tration of conventional drugs can be studied with the aid of
hydrogels. In one study, an alginate-based 3D hydrogel has been
designed as a matrix to mimic TME, duplicating the physiological
conditions, and study the effect of various anticancer agents and
disparate molecular pathways. The highly specialized TME is
usually named as the cancer stem cell (CSC) niche. The engi-
neered matrix revealed that CSC niches could be studied more
appropriately due to the intrinsic 3D nature of CSCs."**

Hypoxia-Inducible Factor-1 (HIF-1), is one of the prominent
features of advanced cancers (Fig. 3C)."® Hence, hypoxic O,
gradients have captured the attention of scientists. In one study,
researchers could engineer a hydrogel to assess the effect of
hypoxia on sarcoma cell invasion and migration. Through this
research, O,-controllable hydrogels were introduced as a prog-
noses system to evaluate the primary states of the metastatic
process.” The 3D collagen scaffold revealed a higher reactive
oxygen species (ROS) level, and showed more resistant to
cisplatin in comparison with the 2D model. The 3D culturing
cells demonstrated an increased level of ROS, representing
a physiological variation or the establishment of a microenvi-
ronment that simulated tumor cells in vivo.*>”
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Breast cancer as a common cancer among women has been
one of the important topics in preclinical studies. Engineering
a 3D model of breast cancer can provide essential observations
and data, which may accelerate research studies and precise
outcomes. For example, a newfound engineered 3D TE hybrid
hydrogel system made of collagen and alginate has been
introduced.”™® Through this hydrogel, physical analysis and
biochemical signals that impact cancer progression and also
drug screening were studied in detail.

Cell migration to the surrounding tissues is the primary
requirement for metastasis. On the other hand, adipocyte cells
(as one of the significant stromal cells in the human breast) play
a significant role in gland development and breast tumor-
genesis.” In a research study, the in vitro breast cancer cell
migration and the influence of adipocyte-mediated on it have
been studied by employing an engineered hydrogel-based
human adipose/collagen model."® Within this study, an
adipose-based model revealed more cell migration over empty
scaffold controls, and so it has been suggested that this 3D in
vitro model can be employed as an assay to analyze the cancer
therapeutic effect in individual medicine strategies. The
making of an interpenetrating network hydrogel system from
collagen and alginate, titled CoAl-IPN, to study cancerous breast
tissue stromal niche was reported by Cao et al., and was proven
to be reliable as a versatile platform for cancer progression.'®
Furthermore, in the topography and mechanical property
points of view, the HA hydrogel formed via hydrazone-/photo-
dual crosslinking process demonstrated more similarity to
a real breast tumor tissue, and HA was also able to promote cell
migration and in vivo tumorigenesis.*?

Similarly, more 3D hydrogel-based environments have been
engineered for other types of cancer. For instance, 3D hydrogel-
based models with the purpose to recapitulate, regarding
ovarian cancer, have been developed.'®® Furthermore, an in vitro
model has been introduced for lung cancer to study metastasis
and recapitulate cell invasion, which when compared to 2D
models, showed more biomimetic behavior.'** The 3D alginate
hydrogels, as one of the prevalent in vitro environments, have
been employed for in vitro metabolic, radiobiological studies of
cancer cells and drug screening. Within this research, it was
demonstrated that hydrogels are a great versatile candidate for
extracellular flux analysis, modeling metabolic changes,
hypoxia and hyperpolarized magnetic resonance
spectroscopy.'®®

Many efforts were made to employ the 3D hydrogels for
fundamental studies on the cell-matrix or cell-cell interactions
in pancreatic ductal adenocarcinoma (PDAC). Researchers
could use hydrogels to recapitulate the PDAC tumor matrix by
driving the HA-based hydrogels, collagen gel, and Matrigel from
TME, or inspired by components in the TME to produce path-
ophysiologically related circumstances, compositions, and
contexts to support the PDAC cell fate processes.'*®

The most common primary malignant tumor of the bone is
called Osteosarcoma (OS). Gene therapy, as a novel method, can
be employed for OS treatment.*®” Although no 3D model is
capable of fully reproducing the heterogeneity and complexity
of OS by considering the TME, the 3D approach could simulate
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the micro-environmental physiology of tumors. The report of
the analyzed methods revealed that all 3D OS culture methods,
including scaffold-free or with a scaffold, represent a beneficial
tool to recapitulate the complex TME and spheroid known as
the most suitable system.'®®

A 3D endothelialized vesicle equivalent as a bladder
collagen-based cancer model was developed.** It can be used as
a trustworthy model for drug response appraisal, mechanical
analysis, and identifying targetable molecules that potentially
decrease animal experiments and help in the toxicological
evaluation of anti-cancer medicines.

To recapitulate the cancer stages and human tumors,
providing a 3D environment that mimics the ECM is necessary.
Owing to the 3D hydrogels, the in vitro study of various tumor
cells, modeling tumor angiogenesis will be easier. Furthermore,
changing the conditions and main parameters, and even drug
screening will be easier and provide more reliable conclusions.
By combining this technology with current techniques, like
microfluidic devices, an advanced micro-vessel model can be
created to reach more accurate new results.'®

Hydrogels for cancer-model 3D printing

Common strategies used for the fabrication of an in vitro cancer
3D model involve cell seeding, microsphere, encapsulation,
microfluidic system, 3D printing (3DP), and 3D bioprinting
(3DBP). Studies of cancer development, and the subsequent
development of cancer therapies, are very challenging due to
the complex interaction of the biological factors that cause
disease progression. To study cancer cell behavior, including
their physical functioning and migration, an in vitro 3D
hydrogel environment was created using 3DP. 3DP as
a computer-assisted method is another new technology to
engineer the TME. This is because it allows for having a multi-
level spatial control of the cell organization and assignment of
biomolecules/materials. 3DP is a potent solution to overcome
the obstacle of TE, including the construction of a complex
biological architecture, high precision-shape of the tissue
structures, and cell differentiation/proliferation.

3DP suggests an entirely new method to make a complex
tissue comprising complex 3D microarchitectures, like carti-
lage, skin, bone, and blood vessels. This technology also
simplifies the delivery of different cell types and polymers into
a single construct through the simultaneous incorporation of
micro-channels that help the diffusion of nutrients and oxygen.
Moreover, 3DP models not only provide a remarkable study of
cell-cell communication and cell-matrix interactions, but also
can promote and facilitate drug testing and cancer therapy
development.*”®

Magnetic hyperthermia is one of the novel methods for
tumor elimination, which by generating heat and applying
magnetic fields, the cancerous tissues are removed (Fig. 4A).
The efficacy of this method depends on the degree and pattern
of the generated heat, and also the diffusion and distribution
pattern of the magnetic nanoparticles. The in vitro models are
good candidates to investigate and monitor the diffused
magnetic nanoparticles, generated heat, and changes in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(A) Employing hydrogels loaded with nanoparticles for boosting magnetic hyperthermia. (B) Scaffold/hydrogel having practical photo-

thermal effects. (C) Confocal microscopy of HCC70 cells cultured in monolayer and hydrogel environments. (a_c) In monolayer culture, (d_f) In

hydrogel environment.*”®

tumors.'”* Using 3DP revealed its ability to simulate the most
essential characteristics of the cancerous tissues, such as shape,
vascular network, and others.””” The bone invasion of oral
cancer has been studied by introducing a 3D printed tissue-
engineered model. Compared to animals or 2D models, it was
a more reliable human cell-based alternative, unlike in vitro
applications due to: (i) providing a representative tool to
research and engineer oral cancer at various anatomical levels,
and (ii) to be used to evaluate diagnostic or therapeutic
approaches to manage Oral Squamous Cell Carcinoma (OSCC)
as the most common oral malignancy in the future.'”

3DP makes 3D spheroids able to accurately mimic some
features, like physiological responses, drug resistance mecha-
nisms, spatial architecture, secretion of soluble mediators, and
gene expression patterns of solid tumors. Vitor M. Correlo
et al."”* studied TS technologies, which emerged for 3D in vitro
cancer modeling. TS are a suitable and robust representative for
the 3D organoid-like framework. TS comprise the intercellular
signaling of cancer. It not only can be utilized as a drug
screening platform, but also provide more accurate data.'”

In the case of using 3DP to fabricate medical structures and
scaffolds for distinct medical fields, it is essential to select
suitable materials. Gelatin, alginate, chitosan, fibrin, agarose,
poly(hydroxyethyl methacrylate), poly(vinyl alcohol), poly(-
ethylene glycol), and combinations of them are some of the
hydrogels used in 3DP. As mentioned previously, gelatin and

© 2021 The Author(s). Published by the Royal Society of Chemistry

alginate, known as two of the most common biomaterials due to
their bio-mimicry, biocompatibility and mechanical properties,
are used in 3DP. The combination of alginate and gelatin results
in characteristics similar to that of native tumor stroma.’® A 3D
model, which mimics the in vivo microenvironment, was also
tested successfully by embedding breast cancer cells and
fibroblasts in the hydrogel and in a long-term cell culture (>30
days).””® The migration, proliferation, and interaction of the
CAF cells with the multi-cellular tumor spheroids were observed
in this model. By using this 3D model as the co-culture systems
in studies, the dependence of tumorigenesis on the stroma
composition can be investigated.

Breast tissue loss and the high local recurrence of cancer are
the main threats after surgery. Filling the cavity with
therapeutic-agent hydrogels is a promising approach to prevent
cancer relapsing. Photothermal therapy uses electromagnetic
radiation, often in infrared wavelengths, to treat different
medical conditions, including cancer (Fig. 4B). To apply pho-
tothermal treatment, it is crucial to synthesize a scaffold/
hydrogel having practical photothermal effects. In one study,
a porous scaffold (dopamine-modified alginate and PDA) was
fabricated using 3DP to overcome the local recurrence of breast
cancer. The results demonstrated the potential of 3DP in the
fabrication of a hydrogel with mechanical characteristics that
matched those of breast tissues, and its impressive photo-
thermal effects.””” Methods for the ultrastructural analysis of
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Fig. 5 (a) TDDS patch, (b) structure of a TDD patch, (c) drug diffusion
within the skin's capillary system, (d) SEM images of 3D printed
microneedles (MN) with different shapes.*®

Hepatocellular Carcinoma 70 (HCC70) cells cultivated in
a monolayer culture and 3D hydrogel conditions were devel-
oped by Elba E. Serrano et al.'’® The protocols to preserve the
Triple-negative breast cancer (TNBC) cell line HCC70 in
a monolayer culture (2D) were established in a membrane
matrix hydrogel, which is commercially available. In a mono-
layer culture, the shaped flattened cells spread disorderly
(Fig. 4A-C), while the cells maintained in a 3D hydrogel ended
in multi-layered spheroids (Fig. 4D-F). The results showed the
benefits of this method to study and analyze the transmission
electron microscopy (TEM) images of the hydrogel cultures of
both cancer and healthy cell lines.

Apart from the simulation of tissues, drug delivery for cancer
therapy is known as another aspect of 3DP technology. Patches
are one of the most exciting vehicles for the transdermal drug
delivery system (TDDs) due to a unique design (Fig. 5a) and
a painless injection. Patches are designed as a ‘reservoir patch’
and ‘matrix patch’. To engineer a patch, a drug-containing
hydrogel is first made, and then an adhesive substance is
added to the polymer to prevent patch separation from the skin.
By applying the patch on the skin, drugs begin to diffuse into
the skin through the needles (Fig. 5b, c). Patches contain
specific microneedles with various architectures (Fig. 5d).
Microneedles can be fabricated in multiple shapes and heights
(25-2000 pm), which assure that the drugs will be released into
the depth of the skin's capillary system. In spite of the progress
of patches for clinical trials, there are some weaknesses that
must be improved. For example, it takes a long time for the
drugs to reach the targeted tissue through the skin. In addition,
not all loaded drugs are expected to reach the target site. This is
because there is a possibility of drug crystallization through the
skin or even in the patch. Many publications'®***! studying
the various applications of 3DP centered on TDDs. Regarding
breast cancer, an engineered transdermal patch showed an
impressive release of two mg anastrozole, with damage to the
healthy surrounding tissues.” In another study, a HA-
hydroxyethyl cellulose-based hydrogel was investigated for
transdermal isoliquiritigenin delivery. It was shown that the
release kinetics of this hydrogel follows the Fickian diffusion
mechanism, which guarantees its TDD application.'?
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To prevent damaging the healthy tissues around the
cancerous area during RT for facial skin cancer, lead shields are
employed. In this case, by having the topography of the patient's
face, a lead shield can be 3D printed. Patients who used the lead
shield were comfortable during RT (Fig. 6)."** Considering lung
cancer, a 3D printed hydrogel was employed to improve patient
comprehension for surgical resection (stage I). Through this
research, 20 adult patients with lung cancer were randomly
assigned to 3DP. The 3D printed hydrogel-based model was
technically implementable, and capable of improving the
patient comprehension for surgical resection.’® In another
study, to fabricate an innovative 3D cell culture for lung cancer,
95D cells were co-cultured with the 3D printed agarose and
alginate-based scaffold. Results revealed that cells could accu-
mulate into the spheroids, and invaded, proliferated and
migrated into the surrounding structure.'®®

Owing to the 3DP technology, doctors and medical engineers
can create 3D models for different medical applications before
the surgical procedure. Nasal skull base tumor is an issue
studied by researchers of the Department of Otorhinolaryn-
gology Head and Neck Surgery, and the Department of Neuro-
surgery of Tianjin Huanhu Hospital. In this study, they used
3DP technology, and illustrated the relationship amongst the
tumors, skull, and adjacent blood vessels.**”

The vertebral column, known as the backbone and spine, is the
most prevalent and frequent site of bone metastasis. Remaining
defects due to the surgical elimination of backbone metastases
cannot spontaneously be healed, and bone grafting is required.
Because systemic doses of chemotherapeutics (such as DOX,
paclitaxel, or cisplatin) can cause side effects, a 3D printed scaffold
was engineered as a bone substitute to aim the targeted chemo-
therapeutic delivery in situ. This study reported reduced side
effects and accelerated bone repair.'® In another case, 3DP is used
for guiding scientists on bone tumor resection, so that not only it
can be personalized for patients and employed for bone tumor
surgety, but it is also noninvasive, easy to use, and informative.'®

A newly published paper revealed noticeable information
about colon cancer cell migration by using 3DP technology.
Within this research, hydrogel-based 3D scaffolds were 3D
printed to study the functionalities of TME (in vitro) to intro-
duce a new platform for novel therapeutic strategies. Thus,
researchers could assess cancer cell migration and study tumor
metastasis therapy using the engineered 3D printed models.**

Overall, hydrogels (with the help of 3DP) provide modern
facilities for researchers to augment their studies in a more
accurate and cost-effective way. Scientists could make a 3D-printed
mandible template (after cancer) to accelerate product develop-
ment, while lowering the manufacturing and clinical expenses.***
Moreover, 3DP enhances the likelihood of a personalized remedy
or a unified treatment for each patient. In spite of the numerous
studies in this area, there is still a quick need to develop and unite
the proposed methods to aim for a complete strategy.

Hydrogels for cancer-on-a-chip (COC)

Many drugs are synthesized and tested in laboratories for
various illnesses. However, before distribution, they must pass

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Using a 3D-printed lead shield during radiotherapy for facial skin cancer.*®

preclinical trials and clinical translation, and also be approved
by the Food and Drug Administration (FDA), which generally
prolongs the process for several years.* Scientists have been
trying to find a way to shorten this time, and study the efficiency
of drugs in as short a time as possible at a lower cost.

On the other hand, the way of studying different drugs has
been challenging for scientists. As previously discussed, using
various 2D cultures, animals and even 3D hydrogels cannot
truly confirm the effectiveness of a drug because the culture
medium or drug substrates are made of materials that are
unable to accurately and adequately mimic the ECM. Thus,
medications may result in side effects and be refused by the
patient's body, and researchers are still trying to overcome this
problem.

0OO0C, known as a microfluidic system, is a new technology
that has been revealed lately to focus on different types of
diseases,' like the human intestine,*** inflammation,'” skin
disease,'*® liver disease,"’” kidney disease,'® cancer**** and
drug research***” and others. This technology helps
researchers to decline and approximately stop using animals
and other inhumane strategies for drug assessment. Designing
the organ's functions on chips is a significant attempt to create
similar environments in microscale devices named ‘chip’ to
mimic the real organ.” Generally, COC or OOC can be
a combination of hydrogels, 3DM, and 3DP. First, the platform
(scaffold) of the tissue or organ is made via 3DP or other
fabrication methods, and then it is placed on the chip (Fig. 7A).
So, a chip comprises three main parts: hydrogel (scaffold),
microchannels, and the structure of the chip.**®

Comparing OOC with other conventional technologies has
shown that this powerful predictor and the tiny chips can
shorten the period of the drug approval procedure, reduce the
use of animals, and reduce the costs of the drug cytotoxicity
analysis. The chip provides easier and more accurate moni-
toring of the cultured cells, and it also helps the cells to access
the signals and nutrients uniformly by enabling the media to
recirculate through the platform.

195

© 2021 The Author(s). Published by the Royal Society of Chemistry

Cancer On a chip (COC) is assumed as the main idea to
develop a new predictive cancer model with advanced capabil-
ities of mimicking the ECM. Many papers have been published
regarding the employment of COC for cancer studies and
remarkable progress in improving COC for metastasis research
studies. Multiple OOC can be connected to recreate more
complex cell-cell interactions.”** Drugs can affect the target
sites at specific rates in a well-controlled manner by OOC via
implantation, integration, automation, localization, and the
accurate control of OOC parameters.”” In the following section,
we present a summary considering the recent and related works
on COC models.

As previously mentioned, hypoxia is known as a problem in
standard cancer lab models like 2D cultures. Cancerous tissues
were studied by Louise Orcheston-Findlay et al. because of the
high proliferation rates of the cells.”*® This study investigated
the nano-scale properties with the help of hydrogels and a 2D
culture in various oxygen concentrations. The proposed system
can be used to study more anti-cancer drugs, and to evaluate the
combination of hypoxia-activated drugs and different therapies.
Signs of morphological altered cells in response to the O,
gradient have been detected, and TE areas (like stem cell
differentiation) can benefit from controlling the O, level via
COC technology.

It has been shown that COC technology can be used to make
in vitro human orthotopic models of lung cancer.?” Fig. 7B
shows a cross-section through the 2-channel COC equipped
with a hydrogel-based 3D platform containing human lung
epithelial cells. As can be seen, cancer cells can grow and
proliferate, as well as in a real human lung. Proposed drugs
could be tested to check drug responses by using this chip as
a real lung model.

COCs provide easy manipulation of the liquid in the volume
of microliters and dynamic control of the tumor-stroma
communication,*®®** as well as tumor-ECM interaction.>*®
Moreover, they were restricted from more studies considering

drug screening. This was because the various sized

RSC Adv, 2021, 11, 10646-10669 | 10659


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00855b

Open Access Article. Published on 12 March 2021. Downloaded on 11/21/2025 6:29:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Chip

3D Printing

Hydrogel

Cell ct}.lture
\

Put on the chip\\ N

\
AN

\

Epithelium

Cancer Cells
:W -
~

Endothelium

Fig. 7

(A) Using 3D printing to make a suitable scaffold (hydrogel) to place in chips to monitor cell reaction and functionality in different

conditions. (B) Schematic diagram of lung-on-a-chip: (A) a cross-section of the microfluidic chip with human lung epithelial tumor cells
(cultured on the upper surface of a porous membrane). (B) confocal fluorescence micrograph of a cross-section of the assembled chip when
cells were cultured for 7 days without breathing motions (scale bar, 200 um).2°”

multicellular tumor spheroids existing on the platform might
result in variable drug responses.***"

To evaluate nanoparticle-based DDSs, an in vitro breast
tumor model-on-a-chip has been developed by Dan Gao et al.>!
to rapidly evaluate the DDS compared to a carbon dots (CDs)-
based DDS dynamic transport behavior. The in situ cytotox-
icity evaluation in one system can be evaluated by this micro-
fluidic platform, which provides a correct and low-cost in vitro
model to have a rapid and accurate drug screening in preclinical
drug evaluation. Metastasis-on-a-chip has been studied as
a form of COC to assess and evaluate the metastatic preference
of cancer cells. Several microfluidic chambers were connected
as the representatives of the liver, lung, and endothelial
constructs under media fluid flow recirculation. This resulted in
a better understanding of the mechanisms underlying metas-
tasis.”*> Similar works have been introduced as new and
powerful platforms for cancer progression and metastasis.>*****
For instance, based on our report in previous sections and due
to the imperfect mimics of cancer metastasis physiology by
animal and 2D models, metastasis-on-a-chip was developed to
model in vitro tumor progression, as a screen for drugs, and to
characterize human metastasis. Through this research, there
was the possibility of tracing the fluorescent colon cancer cells,
which migrate from a 3D hydrogel-based gut to downstream
liver constructs within a circulatory fluidic device system that

10660 | RSC Adv, 2021, 1, 10646-10669

reacts towards environmental manipulation and drug treat-
ment.””® Blood-based liquid biopsies supply opportunities to
detect early-stage cancer and anticipate cancer progression,
monitor responses to chemotherapeutic drugs accurately, and
personalized treatment.”*® To study breast cancer, a 3D breast-
cancer-on-chip, as a model containing the endothelial mono-
layer and ECM, was developed by Dan Gao and his coworkers to
evaluate the dynamic transport behavior and in situ cytotoxicity
of the employed hydrogel (carbon dots-polyethylene glycol-folic
acid) as the platform. Consequently, the proposed chip was
approved as a low-cost in vitro model for the rapid and accurate
drug screening in experimental and pre-clinical studies.*"”

Tumor growth and metastasis are firmly relevant to angio-
genic vascular networks. The integration between hydrogels, as
a similar environment to TME, and COC help scientists to reach
a fast and accurate characterization of angiogenesis
phenomena through cell migration and interactions, and
during cancer progression. One study revealed remarkable
information about combining hydrogel-based microfluidic
devices as COC. These new platforms could help scientists have
more control over the spatial architecture, shear stress,
complexity of the angiogenesis mechanism, and nutrient and
chemical transport properties.**®

Toxicity was investigated by introducing a liver tumor-on-a-
chip equipped with a decellularized liver matrix-gelatin

© 2021 The Author(s). Published by the Royal Society of Chemistry
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methacryloyl-based model by Shu Qi Wang et al. They demon-
strated that this new chip can provide a better mimicking of the
in vivo TME, and gives great promise for pharmacological and
pathological studies.*** Owing to the COC, there is a likelihood
of creating an in vitro model for lung cancer that can recapitu-
late tumor dormancy and cancer growth.*”* Bone metastasis
occurs in nearly 70% of those who suffer metastatic breast
Researchers could engineer a bone-on-a-chip
comprising a 3D collagen-based platform to assess cancer
cells-host bone marrow cell interactions and also related phys-
iological alternation.***

COC, as a new approach in science, integrates the hydrogels
and chip to provide a rapid and efficient drug testing, model
cancer metastasis, and also offers personalized cancer models.
This combination reveals the details of the signals, chemical and
cellular factor transportation in tumor progression and angio-
genesis. The expansion of COC helps discover more information
about the complexity of the microenvironment, the complex cell-
cell, and cell-ECM interactions their interaction with other
tissues, and drug resistance. However, before the on-chip plat-
forms can be widely adopted for real medical application, various
challenges are still uncovered and need to be addressed.

cancer.

Conclusions and future perspectives

Many patients suffer from cancer disease. Surgery following
chemotherapy and radiation is the standard treatment, but
hydrogels are known as a new facility for cancer therapy.** In
this study, hydrogels were introduced as the promising
biomaterials in cancer clinical researches. We demonstrated
that recent technologies, including 3D models, DDS, 3DP, and
OOC benefit hydrogels to make progress in cancer therapies.

Culturing distinct cell types, considering both cancer and
healthy cells in an environment, having high efficiency in
mimicking ECM, is known as an extraordinary achievement.
Hydrogels help study and monitor the interaction of cells
towards changes in the environment, such as drugs, tensions,
strength, nutrients, oxygen, temperature, pH, and others.”*
Different parameters, such as cell migration, angiogenesis,
metastasis, cell-cell, and cell-lECM interactions oxygen level,
CAF, metastasis, hyperthermia, can be appraised by combining
hydrogels with other approaches.'*?°**** The discovery of new
more suitable hydrogels for cell culture is one of the main topics
under survey. According to this review, many biomaterials are
employed to study various sorts of cancers, but it must be
considered that each hydrogel should be engineered properly to
the primary tissue. Hydrogels are suitable candidates in CT and
RT to lower the side effects by providing a targeted drug
delivery.®® Moreover, hydrogels showed their potential as
a culture media for different cancerous cells. In addition, the
high ability of hydrogels in programming and the sensitivity to
external stimuli have captured the attention of scientists.** In
spite of all these distinguished outcomes, there are still many
challenges in cancer therapy that need hydrogel development
for more complicated research studies. In this study, there are
two questions without acceptable answers:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1. Numerous papers have been published on hydrogel
applications and progress in cancer treatments, but it is not still
clear how much these effects match with the results of a real
treatment if the same study is done on an actual patient.

2. As far as we know, many of the previous studies were
restricted to the models at the stage of distributed cells within
the scaffold (DCS), and no study has evaluated cancer treatment
and appropriate results in the next step (when the tissue is
formed) in comparison with the DCS stage.
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